Liquidus isotherms and phase equilibria have been measured in the olivine primary phase field of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron. Liquidus isotherms have been determined in the temperature range from 1523 to 1898 K. The tie lines between liquid and olivine solid solutions have been determined and the results were compared with those obtained in previous studies.
Introduction
This is the third in a series of papers on phase equilibria in the MgO-"FeO"-SiO 2 -Al 2 O 3 system. Previous papers 1, 2) have reported phase equilibria in the silica and pyroxene primary phase fields. The focus of the present paper is determination of phase equilibria in the olivine primary phase field in the MgO-"FeO"-SiO 2 system. The olivines in this ternary system can exist over a range compositions between the end-members 2MgO · SiO 2 (forsterite) and 2FeO · SiO 2 (fayalite). Below the solidus the olivines form a complete range of solid solutions.
The principal experimental data on liquidus of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron is that obtained by Bowen and Schairer. 3) These liquidus data were obtained by high temperature equilibration of samples of known bulk composition in N 2 gas; the slag samples were contained in metallic iron foil, and following quenching were examined by optical microscopy. Industrial data points were obtained for a range of compositions with liquidus temperatures up to 1773 K; in effect the slags investigated included high silica olivines with less than 20 wt% MgO. The liquidus isotherms reported by Muan and Osborn 4) are interpolated from Bowen and Schairer's 3) data. The liquidus in the olivine primary phase field were reported by Kojima et al. 5) The samples were equilibrated in MgO crucibles between 1823 and 1923 K. There is some uncertainty to these data since the slag compositions were not analysed after the experiments and some dissolution of the crucible may have occurred during equilibration.
The solubility limit of magnesia and ferrous-ferric oxide equilibria were measured by Shim and Ban-ya 6) in the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron at the temperature range from 1823 to 1923 K using equilibration/quenching followed by chemical analysis. These liquidus data do not agree with those predicted from the Bowen and Schairer studies.
3) Conjugation lines and solidus isotherms in the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron were measured over the range 1473 to 1723 K by Nafziger and Muan 7) using equilibration/ quenching followed by X-ray diffraction measurements. Ringwood and Major 8) and Akimoto 9) obtained the phase diagram of the 2MgO · SiO 2 -2FeO · SiO 2 system experimentally at 1273 and 1473 K and pressures up to 18 GPa.
The phase diagram of the MgO-"FeO"-SiO 2 system was calculated by Wu et al. 10) using the F*A*C*T thermodynamic computing system. 11) Good agreement between the predictions and the data were obtained in the pseudo-binary 2MgO · SiO 2 -2FeO · SiO 2 system. However there are significant difference between the predictions and the experimental data of Bowen and Schairer 3) in the olivine primary field, particularly in the position of univariant line between olivine and magnesiowustite ((Mg, Fe)O). A complete critical evaluation and thermodynamic modelling of phase diagrams and thermodynamic properties of MgO-FeO-Fe 2 O 3 -SiO 2 system under air and metallic iron saturation was also reported by Degterov et al. 12) using the thermodynamic models in FactSage, however no comparison between experimental data and calculations in the MgO-"FeO"-SiO 2 system was reported. The phase equilibria models for the MgO-FeO-Fe 2 O 3 -SiO 2 system have recently been re-evaluated. 13) The objective of the present study is to obtain experimental information on the liquidus and phase equilibria in the olivine primary phase field in the MgO-"FeO"-SiO 2 system, in the temperature range 1523-1898 K at metallic iron saturation. The effects of FeO and SiO 2 on liquidus temperature were determined and the conjugation lines between olivine and liquid were also considered in this investigation.
Experimental
The experimental procedure used in the present investigation has been described in detail in previous publications. [14] [15] [16] [17] [18] The slag samples were prepared from high purity oxide powders (over 99.5 %). 15 % excess Fe powder (Ͻ10 mm in size) was added to the slag samples to ensure that free metallic iron is always present in and dispersed throughout the slag. The samples were wrapped in Mo metal foil and suspended on a Pt wire. The equilibration experiments were carried out in a vertical lanthanum chromite furnace having a recrystallised alumina reaction tube. The overall temperature accuracy was estimated to be within Ϯ2 K. The experiments were carried out in two steps. The first step was to completely premelt the sample; heating the slag above the liquidus temperature to ensure the sample is homogeneous. The second step was to equilibrate the sample at the desired temperature for times between 30 min and several hours to ensure that equilibrium had been achieved. After equilibration the suspension wire was released and the sample was quenched directly into stirred bath of cold water.
The polished samples were initially examined using optical microscopy and scanning electron microscopy (SEM) to identify the phases present, and energy dispersive spectra (EDS) analysis were used for qualitative analysis. The compositions of the phases were then measured using a JEOL 8800L electron probe X-ray microanalyser (EPMA) with wavelength dispersive spectrometers (WDS). An accelerating voltage of 15 kV and a probe current of 15 nA were used. Standards supplied by Charles M Taylor Co. Stanford, CA were used in EPMA measurement. A wollastonite (CaSiO 3 ) standard (Caϭ34.50, Siϭ24.18, and Oϭ 41.32 wt%) was used for silicon, and a magnesia (MgO) standard (Mgϭ60.31, and Oϭ39.69 wt%) and a hematite (Fe 2 O 3 ) standard (Feϭ69.94 and Oϭ30.06 wt%) for magnesium and iron determination respectively. CaMoO 4 standard (Caϭ20.038, Moϭ47.966, Oϭ31.995 wt%) was used to measure the Mo in the slag. The Duncumb-Philibert ZAF correction procedure supplied with the JEOL was applied. The average accuracy of the EPMA measurements is within Ϯ1 wt%. Only samples having phase analyses within Ϯ0.5 wt% are presented in this paper. X-ray powder diffraction (XRD) analysis was also used in some cases to confirm the phase identification. XRD measurements were carried out in a PHILIPS PW1130 X-ray diffractometer with a graphite monochromator using CuKa radiation. and Kojima et al.
5)

Results and Discussion
Liquidus
Liquidus isotherms in the MgO-"FeO"-SiO 2 system in the equilibrium with metallic have been determined for temperatures between 1523 and 1898 K. Approximately 100 experiments have been carried out in the present study in the olivine and magnesiowustite primary phase fields. The liquidus surfaces of the binary systems of MgO-SiO 2 and "FeO"-SiO 2 were taken from Bowen and Andersen, 19) and Zhao 20) respectively. The experimental data points and the measured liquidus isotherms in the olivine primary phase field are presented in Figs. 1 and 2 . EPMA measurements of the solid and liquid phases formed at the experimental conditions are presented in Table 1 .
The experimental data of high MgO containing region in olivine primary phase field of the MgO-"FeO"-SiO 2 system are presented in Fig. 1 . It can be seen that the liquidus temperatures reported by Kojima et al. 5) and Shim and Banya 6) at 1873 K are higher than those obtained in the present investigation. The new data are consistent with the latest optimised thermodynamic models reported by Jung et al. 13) The experimental data in the low MgO containing region in the olivine primary phase field of the MgO-"FeO"-SiO 2 system are presented in Fig. 2 , the dots represent data obtained in the present investigation and thick lines are derived from those data. The data points and associated liquidus temperatures reported by Bowen and Schairer 3) are included for comparison. Liquidus data for FeO-SiO 2 boundary were taken from experimental data reported by Zhao. 20) It can be seen from Fig. 2 that there is good agreement between the data obtained in the present study and Bowen and Schairer 3) in the olivine primary phase field on the silica-rich side of the 2MgO · SiO 2 -2FeO · SiO 2 section. However, the new experiential data indicate that the boundary line between olivine and magnesiowustite is significantly different from that predicted by Bowen and Schairer.
3)
The experimental measurements made in the present investigation show that the univariant boundary line between olivine and magnesiowustite close to that predicted Wu et al. 10) and Jung et al. Figure 3 shows the liquidus temperatures in the olivine primary phase field as a function of the concentration of SiO 2 at fixed MgO/FeO ratios. It can be seen that with increase of the concentration of SiO 2 , there is a gradual nonlinear decrease of liquidus temperature for fixed ratio of MgO/FeO. This decrease is approximately 8-20 K for 1 wt% increase in SiO 2 concentration. At fixed SiO 2 /MgO ratio, since the liquidus isotherms are almost parallel to the join of (SiO 2 ϩMgO)-FeO section, the liquidus temperatures do not change greatly with the increasing FeO concentration.
13)
Conjugate Lines
A significant feature of olivine primary phase field is the complete solid solution between 2MgO · SiO 2 and 2FeO · SiO 2 . Figure 4 shows the comparisons of experimental data in the 2MgO · SiO 2 -2FeO · SiO 2 system between Bowen and Schairer 3) and that obtained in present investigation. It can been seen that there is good agreement between data obtained in the present investigation and that of © 2005 ISIJ Table 1 . EPMA measurements of the phases in the olivine and magnesiowustite primary phase fields of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron.
Although the tie lines between liquid and olivine phases were predicted in this earlier paper by Bowen and Schairer, 3) no solid solution data was presented. Tie lines between olivines and liquid phase compositions in the olivine primary phase field in the MgO-"FeO"-SiO 2 system obtained in the present investigation are plotted on Figs. 5(a) through 5(g) for isotherms between 1573 and 1873 K. The solubility of 2FeO · SiO 2 in 2MgO · SiO 2 increases with decreasing temperature. For a given temperature the composition of the solid phase is enriched with Mg relative to the equilibrium liquid phase.
Industrial Applications
The experimentally data determined liquidus isotherms in the olivine primary phase field are compared in Fig. 6 to the normalised compositions of industrial nickel smelting slags in the MgO-"FeO"-SiO 2 system. 21) The significance of the data presented in the current study is not only defining the liquidus temperatures in this system, but also the sub-liquidus equilibria in the olivine primary phase field. Considering a slag of composition 25%FeO, 30%MgO and 45 %SiO 2 the liquidus temperature of this slag is approximately 1873 K (Fig. 5(f) ). If the process is operating at 1823 K it can be deduced using the lever rule on Fig. 5(d) that there will be approximately 24 % solid present in the slag. These high % solids could have a quite significant effect on the slag viscosity and ability to tap the slag from the furnace. By contrast if it was assumed that only stoichiometric 2MgO · SiO 2 solids were formed, i.e. no solid solubility, the only 14 % solids would have been predicted. The accurate determination of the solidus and liquidus in this system is therefore important to the operation industrial processes.
Conclusions
Liquidus isotherms in the range from 1523 to 1898 K in the olivine primary phase field of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron have been accurately determined experimentally using high temperature equilibration and EPMA techniques.
(1) New experimental data have been obtained on liq- . 3 . Predicted liquidus temperatures in the olivine primary phase field for MgO-"FeO"-SiO 2 system in equilibrium with metallic iron, based on experimental data obtained in the present investigation. Fig. 4 . Pseudo-binary system of 2MgO · SiO 2 -2FeO · SiO 2 including data from the present investigations and that of Bowen and Schairer. 3) uidus and solidus in the olivine primary phase field.
(2) There is a good agreement between the data obtained in the present study and that obtained by Bowen and Schairer in high-silica, low-MgO olivines.
(3) The position of the olivine-magnesiowustite phase boundary area has been determined. This is formed to be significantly different to that reported in previous experimental studies.
(4) The conjugate or tie lines between olivine solid solutions and liquid have been determined at temperatures between 1573 and 1873 K.
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